We have characterized the occurrence and expression of multiple acyl carrier protein (ACP) isoforms in Arabidopsis thaliana (L.) Heynh ecotype Columbia. Immunoblot analysis of ACPs from Arabidopsis tissues separated by native polyacrylamide gel electrophoresis and I molar urea polyacrylamide gel electrophoresis revealed a complex pattem of multiple ACP isoforms. All tissues examined (leaves, roots, and seeds) expressed at least three forms of ACP. The immunoblot identifications of ACP bands were confirmed by acylation of ACP extracts with Escherichia coli acyl-ACP synthetase. A full-length cDNA clone has been isolated that has 70% identity with a previously characterized Arabidopsis genomic ACP clone (ACP-1) (MA Post-Beittenmiller, A HlousekRadojcic, JB Ohirogge [1989] Nucleic Acids Res 17: 1777). Based on RNA blot analysis, the cDNA clone represents an ACP that is expressed in leaves, seeds, and roots. In order to identify the protein products of each known ACP gene, their mature coding sequences have been expressed in E. coli. Using polymerase chain reactions, exons 11 and IlIl of the genomic ACP-1 clone and the mature coding sequences of the ACP-2 cDNA clone were subcloned into E. coil expression vectors. Site-directed mutagenesis was used to convert the amino acid sequence of the ACP-2 cDNA clone to that of the A2 clone of Lamppa and Jacks ([1991] Plant Mol Biol 16: 469-474), ACP-3. The three E. coli-expressed proteins have different mobilities on polyacrylamide gel electrophoresis gels and each comigrates with a different Arabidopsis ACP isoform expressed in leaves, seeds, and roots. Thus, all of the three cloned ACPs appear to be constitutively expressed Arabidopsis ACPs. In addition to these three ACP isoforms, protein blots indicate that seed, leaf, and root each express one or more tissue-specific isoforms.
ACP2 has a central role in de novo fatty acid synthesis in all organisms. In plants and most bacteria, ACP is a small (9 kD) separate polypeptide, whereas in animals, fungi, and some bacteria, it is one of the functional domains of the multifunctional protein, fatty acid synthase (33) . ACP functions as a cofactor carrying acyl chains through the condensation, re- ' Supported by grants from the Department of Energy (DE-FG02-87ER13729) and the U.S. Department of Agriculture (88-37271-3964). Acknowledgment is made to the Michigan Agricultural Experimental Station for its support of this research. duction, and dehydration steps of the fatty acid synthesis pathway (21) . In addition, long chain acyl-ACPs are substrates for desaturase, hydrolase, and acyltransferase reactions. In particular, stearoyl-ACP is desaturated to oleoyl-ACP, and acyl groups from palmitoyl-ACP or oleoyl-ACP can be either transferred to glycerol-3-phosphate or released from ACP via an acyl-ACP thioesterase (21) . The majority of ACP has been attributed to the plastids (23) , defining them as the major site of de novo fatty acid synthesis in plant cells. In addition, an ACP from Neurospora crassa mitochendria has been isolated and characterized (6, 20) , and ACP-like proteins have also been detected in pea, potato, and yeast mitochondria (7) .
Analysis of protein extracts from plants representing a variety of different taxonomic groups indicates that even simple multicellular photosynthetic organisms have two or more ACP isoforms (2) . ACP isoforms with different patterns of tissue-specific expression have been characterized from spinach and barley (13, 24) . In spinach, a major isoform (ACP-I) is expressed only in leaves, whereas ACP-II, a minor isoform in leaves, is apparently "constitutive" as it is also found in roots and developing seeds (21, 31) . ACP cDNA clones have been isolated from spinach leaves (30) and roots (31) , barley leaves (13) , and Brassica campestris (28) and B. napus (29) developing seeds. In addition, ACP genomic clones have been characterized from Arabidopsis (18, 25) , B. napus (32) , and barley (14) .
According to in vitro experiments, oleoyl-ACP hydrolase and oleoyl-ACP:glycerol-3-phosphate acyltransferase have a preference for different ACP isoforms (11) . However, although the central role of ACP in plant fatty acid metabolism is well established, it is not yet known whether individual ACP isoforms fulfill specific requirements of the various cell types. In an effort to elucidate the expression and function of different ACP isoforms in vivo, we have begun to characterize ACP genes and their products from Arabidopsis thaliana at both molecular-biological and biochemical levels. As a first step, we have isolated two ACP clones, identified three ACP isoforms, and characterized their expression patterns in different tissues.
mentary to the region encoding the 22 amino acids surrounding the phosphopantetheine binding site (13) , was a gift from Penny von Wettstein-Knowles and Lars Hansen.
Screening of the cDNA Library
The cDNA library was grown in Escherichia coli strain BB4 (Stratagene). Approximately 60,000 plaques were screened using two rabbit antisera prepared against spinach ACP-I (23) and against recombinant spinach ACP-I (4). Antibody-positive plaques were identified using goat anti-rabbit immunoglobulin G antibodies conjugated with alkaline phosphatase (Stratagene picoB protocol). Positive plaques were plated and duplicate filters were probed with anti-spinach ACP-I antibodies and with [32P]ATP end-labeled (19) 66-nucleotide long oligomer for 12 h under the following hybridization conditions: 5 x SSPE, 15 x Denhardt's, 1% (w/v) SDS at 45°C. Washes were done in 5 x SSPE, 0.1% (w/v) SDS at room temperature for 5 min and for 30 min at 50°C in the same wash solution. Positive lambda clones from the second screening were isolated and recombinant pBlueScript SK(+) plasmids were rescued using R408 helper phage according to the Stratagene protocol. Subcloning of restriction fragments for sequencing was done in pBlueScript KS(+) (Stratagene) according to methods described in Maniatis et al. (19) . A 0.7 kb fragment from the ACP cDNA clone pAL120-E was sequenced using the dideoxy sequencing method and Sequenase 2.0 (U.S. Biochemical).
DNA and RNA Purification
Five-to 6-week-old Arabidopsis plants were used for the extraction of both DNA and RNA from leaves. Two-weekold hydroponic cultures of Arabidopsis were used as a source of roots for RNA isolation. Developing seeds were collected from 5-to 8-week-old Arabidopsis plants. All Expression of Arabidopsis ACP-1,3 ACP-2, and ACP-3 Isoforms in E. coil
ACP-1
The coding region for mature ACP-1 was produced by PCR-mediated amplification of the third and fourth exons from pAD4 (25) (Fig. lb) . Two sets of 21- (18) , which is the genomic equivalent of the pAL120-E ACP clone, would be ACP-2, and the third reported ACP gene, A2 (18) , would be ACP-3. ing ends. Following ligation, both sites were destroyed and the amino acid sequence of the generated mature ACP-1 was preserved. The joined fragments were subcloned into pTrc 99B (1) and the newly generated plasmid pAD4-cm was introduced into E. coli DH5a strain.
ACP-2
A 0.5 kb NcoI/EcoRI fragment encoding the region for the mature protein ofthe pAL 120-E clone (ACP-2) was amplified by PCR. An oligonucleotide complementary to the first six amino acids of the antisense strand of the coding region for the mature ACP-2 clone and the universal sequencing primer were used as primers (Fig. 2b) . The fragment was subcloned into the expression vector pTrc 99B. The resulting plasmid, pJD 120, was introduced into E. coli DH5a strain.
ACP-3
A third ACP gene, A2, described by Lamppa and Jacks (18) differs in the mature coding sequence from ACP-2 by only one amino acid. To express ACP-3 in E. coli, site-directed mutagenesis was used to change the amino acid at position 80 ofACP-2 from Phe to Leu. A 0.25 kb SacI/EcoRI fragment that includes the codon for Phe at position 80 from pJD 120 was replaced by a PCR-amplified SacI/EcoRI fragment that encoded Leu instead of Phe (Fig. 2c) . The newly generated plasmid, pMZ I 20L, was introduced into E. coli DH5a strain. ,.SRI
The amino acid sequences of the coding regions for the three mature ACP isoforms were confirmed by sequencing portions ofthe generated clones using the dideoxy sequencing method. The expression of Arabidopsis ACPs was induced by 0.5 mM (final concentration) IPTG added to 1 L Luria-Bertani cultures (19) of E. coli cells transformed with either pJD 120 or pAD4-cm followed by growth for 28 h at 37°C. The two Arabidopsis ACPs were purified according to Guerra et al. (10) and separated from E. coli ACPs on a DE-52 column in 0 to 0.5 M NaCl gradient. The ACP activity in different fractions was measured using an acyl-ACP synthetase (EC 6.2.1.) assay (9) . Protein extracts with peak activities were analyzed by SDS-PAGE immunoblots using anti-spinach ACP-I antibodies as described previously (2) . A 300 mL LuriaBertani culture of E. coli cells transformed with pMZ120L was induced by 0.5 mM IPTG. The ACP-3 isoform was purified by grinding the cell pellet in 2.5% TCA (1:5, w/v). Tissue debris and precipitated proteins were removed by centrifugation (5 min, 1 Crude protein extracts were prepared from 80 to 500 mg of leaves, roots, developing seeds, or dry seeds, by grinding plant tissue to a powder in liquid nitrogen. Frozen tissue powder was processed following the same procedure as for the purification of the recombinant ACP-3 from E. coli cells, as described above.
Radiolabeling of ACPs
ACPs from leaf, root, and dry seed crude protein extracts were partially purified by binding to a 0.5 to 1 mL bed volume DE-52 column (2), and ACP-containing fractions were identified using E. coli acyl-ACP synthetase. Appropriate fractions were TCA concentrated, and the ACPs were acylated with uniformly labeled [U-14C]palmitate (>500 mCi/mmol) (16) . Arabidopsis ACP isoforms that were expressed and purified from E. coli were acylated with [1-'4C]palmitate (56 mCi/ mmol). Acyl-ACPs were isolated from the reaction mixture on a 250 ,uL DE-52 column, as described by Battey and Ohlrogge (2) . Fractions enriched in acyl-ACPs were TCAprecipitated. Pellets were resuspended in 10 mM Mes, pH 6.1, and separated by native PAGE (27) . Proteins were blotted to nitrocellulose (0.2 gm pore size), which was then exposed to film for 1 week.
RESULTS

Structure of Two ACP Clones from Arabidopsis
We have isolated a full-length ACP cDNA clone, pAL 120-E, by screening an Arabidopsis cDNA expression library using polyclonal antibodies against spinach ACP-I and recombinant spinach ACP-I. Putative positive clones were further screened by probing DNA blots with an oligonucleotide 66-nucleotides long (13) that codes for the highly conserved prosthetic group attachment site of ACP. One clone hybridized to the probe, and DNA sequencing of this clone revealed a 716 base pair EcoRI fragment with an open reading frame encoding 136 amino acids (Fig. 2a) . The deduced protein sequence had an overall sequence similarity with known plant ACPs, and had 100% identity with the 17 amino acids in the highly conserved region surrounding the prosthetic group binding site. Furthermore, the sequence of an Arabidopsis genomic ACP clone, analogous to the pALl20-E cDNA clone, has been recently reported ( 18) . However, the cDNA sequence revealed 78 base pairs of additional sequence information at the 3' nontranslated end, which contained a putative poly (A)' consensus site (15) . This sequence is located 220 nucleotides away from the stop codon in both the ACP-2 and ACP-3 genes (18), whereas in the ACP-I gene it appears to be only 24 nucleotides downstream from the translational stop codon (25) .
We have previously described an ACP-l clone, pAD4, isolated from an Arabidopsis genomic library ( Fig. la) (25) . Sequence comparisons of the ACP-2 cDNA clone and of the coding regions for the genomic ACP-I clone revealed approximately 70% identity at both the amino acid (Fig. 3) and nucleic acid level, demonstrating that the clones encode two different ACPs. The coding regions for the mature ACP sequences ofboth Arabidopsis ACPs, ACP-1 and ACP-2, have between 57 and 83% nucleic acid identity with other plant ACPs ( Table I) .
As observed with other ACPs, the carboxy termini regions of Arabidopsis ACP-1 and ACP-2 isoforms have higher sequence similarity (79% over the last 28 amino acids) than do the amino termini (54% over the first 28 Fig. 2a and Fig. 4a) or from pAD430-A (Sall deletion of the ACP-1 genomic clone, Fig.  la and Fig. 4b ). Under the hybridization conditions used, these two clones do not cross-hybridize.
The ACP-J probe hybridized to a single 3.2 kb HindIll and to a single 4.8 kb EcoRI genomic fragment (Fig. 4b) . Neither of the two restriction enzymes cut within the coding regions or introns of pAD4 (25) . These data are consistent with the presence of a single gene homologous to the pAD4 clone. In contrast, when blots were probed with the ACP-2 clone, three fragments were detected in the HindlIl digested Arabidopsis genomic DNA and two fragments in the EcoRI digested genomic DNA (Fig. 4a) . Recent evidence (18) indicates that the genomic equivalent of pALl 20-E, Al, here termed ACP-2, is linked to a third ACP gene, ACP-3. The linked genes, which have more than 90% sequence identity, both have a HindIII site in the transit peptide coding region about 60 nucleotides downstream of the translational start site. In contrast, EcoRI cuts only the 5' untranslated region of ACP-3. Therefore, it is probable that the bands detected by the pAL120-E probe represent ACP-2 and ACP-3.
Arabidopsis ACP-2 mRNA Is Expressed in Roots, Leaves, and Developing Seeds Detailed analysis ofthe expression patterns ofACP isoforms in spinach has indicated the presence of both tissue-specific and constitutive ACPs (24, 31) . To examine Arabidopsis ACP isoform expression, we investigated the expression of ACP-2 at the mRNA level. Total RNA was extracted from Arabidopsis leaves, roots, and developing seeds and size-fractionated on denaturing formaldehyde/formamide 1 % agarose gels. After transfer to nitrocellulose, the RNA blots were hybridized with a [32P]UTP-labeled antisense RNA probe made from pAL120-E (Fig. 2a) . Figure 5 indicates that the RNA probe recognized the same length message in RNA extracts from all three tissues, suggesting either that the same ACP gene is expressed in leaves, roots, and developing seeds or that very similar cross-hybridizing ACP genes have been expressed in a tissue-specific manner.
Electrophoretic Analysis of Arabidopsis ACP Isoforms
Battey and Ohlrogge (2) were able to detect three putative ACP isoforms in Arabidopsis leaves and one ACP isoform in Arabidopsis roots when extracts were separated by SDS-PAGE followed by immunoblotting with anti-spinach ACP-I antibodies. Results from the present study indicate that, when analyzed by SDS-PAGE, developing seeds, like roots, have only one major electrophoretic band of ACP, which comigrated with a minor leaf isoform (data not shown). However, we have observed that some closely related ACP isoforms can be resolved more readily on native and/or 1 M urea PAGE than on SDS-PAGE. As shown in Figure 6 , polyclonal antispinach ACP-I antibodies recognized several protein bands in leaf, root, and seed extracts separated by native PAGE (12.5% acrylamide) or 1 M urea PAGE. Three to four of these putative ACPs were expressed in all examined tissues. In addition, the anti-spinach ACP-I antibodies recognized several putative isoforms that appear to be expressed in a tissue-specific manner. One putative ACP isoform was expressed only in leaves (Fig. 6) . Recently, that isoform has been purified and the Nterminal amino acid sequence confirms that it represents a new ACP form (D.K. Shintani, J.B. Ohlrogge, unpublished). Seeds had two putative tissue-specific ACP isoforms, whereas roots expressed four isoforms that appeared identical to those found in leaf (Fig. 6) Arabidopsis has a minimum ofthree ACP isoforms expressed in a constitutive manner, as well as at least two seed-specific and one tissue-specific isoform each in leaves and roots.
ACP-1, ACP-2, and ACP-3 Isoforms Are Found in Leaves, Roots, and Dry Seeds
As an initial step in defining the protein products and possible different functions of the ACPs encoded by the three Arabidopsis ACP clones, we have expressed mature ACP-1, ACP-2, and ACP-3 sequences in E. coli.
Expression of the mature Arabidopsis ACP-1 required deletion of the third intron. Therefore, the two fragments that corresponded to the third and fourth exon of the ACP-I gene were amplified by PCR and subsequently combined to yield pAD4-cm, which contained the full coding sequence of mature ACP-1 (Fig. lb) . For the ACP-2 isoform, to delete the transit peptide, the coding region for mature ACP-2 together with a 220-nucleotide-long 3' untranslated region was amplified by PCR from pAL120-E, and the resulting fragment was subcloned to yield pJD 120 (Fig. 2b) .
The two ACP genes, ACP-2 and ACP-3, recently described by Lamppa and Jacks (18) , differ by only one amino acid in their mature coding regions. Because the native PAGE gels used to analyze ACPs are extremely sensitive to small changes in ACP structure, we considered it possible to separate these two proteins by PAGE. To test this hypothesis and to match the protein product of ACP-3 to the ACP isoforms detected in Arabidopsis (Fig. 6) , site-directed mutagenesis ofthe cDNA L R S -1.9kb Figure 6 . Immunoblot analysis of ACPs in Arabidopsis leaf, root, and seed extracts. Proteins were separated using either native PAGE (a) or 1 M urea PAGE (b). Blots were probed with antiserum to spinach ACP-I. L = Arabidopsis leaf extract; R = Arabidopsis root extract; DrS and S = Arabidopsis dry seed extract; DvS = Arabidopsis developing seed extract; ACP-1 = purified Arabidopsis ACP-1 standard; ACP-2 = purified Arabidopsis ACP-2 standard; ACP-3 = E. coli extract containing expressed Arabidopsis ACP-3 isoform. Additional, lower mobility bands (not shown) were detected in some tissues by the antibodies but are not believed to be ACPs, based on the presence of similar bands in spinach extracts that are not labeled by acetate and lack acylation by E. coli acyl-ACP synthetase. that both Arabidopsis ACPs have similar ion-exchange chromatographic properties and are expressed at levels similar to those found previously for spinach ACP-I expressed in E. coli (3) .
Each of the three Arabidopsis ACPs when expressed in E. coli migrated differently in native PAGE. In spite of only a single amino acid difference in the mature Arabidopsis ACP-2 and ACP-3 isoforms, the two proteins are completely separated from each other and from the ACP-1 isoform in both native PAGE and 1 M urea PAGE systems (Fig. 6) . Furthermore, the three E. coli-expressed Arabidopsis ACP isoforms comigrate in both gel systems with three of the putative ACP isoforms detected in immunoblots of Arabidopsis tissues. In addition, these ACP isoforms were found in all three tissues examined. Based on the intensity oftheir immunoblot signals, ACP-1, ACP-2, and ACP-3 appear to be three of the four more abundant ACPs in roots and seeds, whereas they represent less abundant forms of ACP in leaf tissue (Fig. 6) .
In summary, based on sequence data, mRNA analysis, and the high resolving power of the native PAGE for ACPs, we could, with confidence, identify four ACP isoforms: three "constitutive" ACPs, ACP-1, ACP-2, and ACP-3, for which DNA sequences have been obtained (18, 25) , and a major leaf-specific isoform, for which a partial amino acid sequence was recently obtained (D.K. Shintani, J.B. Ohlrogge, unpub-
clone pJD 120 was used to change the Phe residue at position 80 of ACP-2 to a Leu residue as found in ACP-3 (Fig. 2c) . Each of the three constructs carrying only the mature sequence of ACP-1, ACP-2, and ACP-3 was subcloned in E. coli expression vectors behind the trp/lac promoter. IPTG-induced expressions of the three Arabidopsis ACPs in E. coli cells carrying either pJD120, pAD4-cm, or pMZ I 20L were detected by immunoblots ofcell extracts. The ACP-l and ACP-2 were partially purified by ion-exchange chromatography on DE-52 columns. In both cases, the recombinant Arabidopsis ACPs were eluted from the column with a lower salt concentration than the E. coli ACP and were expressed at levels 1.5-to 3-fold above the E. coli ACP, as determined by enzymatic assay (Fig. 8) . These data indicate Fraction number Figure 8 . 
DISCUSSION
The results presented in this study together with other recent data (18, 25) indicate that acyl carrier proteins in Arabidopsis are encoded by a multigene family containing more than four ACP genes. We have sequenced genomic and cDNA clones, pAD4 (25) and pAL120-E, respectively, that have 70% identity at both nucleic acid (Table I) (Table I) and amino acid levels. In addition to an overall higher sequence identity in mature proteins compared with the transit peptides, the coding regions for mature ACPs have a stretch of 17 amino acids surrounding the phosphopantetheine binding site, 16 of which are 100% conserved in all plant ACPs (22) .
The high degree of sequence similarity of the coding region (including the transit peptide) of three Brassicaceous ACP genes/clones, Arabidopsis ACP-J, B. napus ACP05 ACP gene, and B. campestris ACP cDNA clone, suggests that these three ACP sequences probably diverged relatively recently in the evolution of the ACP genes. In addition, Arabidopsis ACP-1 and B. napus ACP05 have identical organization of the intervening sequences, and apparently similar tissue-specific expression patterns. Even though the B. napus ACP05 gene has been described as a seed-expressed ACP gene, low levels of the ACP05 message were detected in leaves (32 (30, 31) , Arabidopsis has at least three constitutive ACPs, and, in addition, at least one tissue-specific isoform in leaf, seed, and root.
In conclusion, the number of the putative ACP isoforms detected by anti-spinach ACP-I antibodies and acylation assays suggests an ACP gene family in Arabidopsis with at least six members. In B. napus, the seed-expressed ACP multigene family has been estimated to have 34 to 36 genes (29) . Although B. napus is an allotetraploid, it is possible that the large size of the ACP gene family is characteristic of the Brassicaceae. However, the size of the ACP gene family in Arabidopsis is surprisingly large, considering that other Arabidopsis gene families are usually smaller than those from other plants. Further 
